Abstract
I. INTRODUCTION
Surface roughness in metal conductor of interconnects and microelectronic packaging is sometimes due to process variations in fabrication and, more frequently, artificial roughening processes, e.g., electronic deposition and chemical etching, to enhance interfacial adhesion between dielectrics and conducting material. Fig. 1 visualizes the micro-topologies of two different surface roughness in PCB interconnects. It has been reported by measurements that the surface profile variation in roughened copper foil can cause an increase of resistivity by a factor of 2 to 3 in microwave frequencies [1] . Recent experimental studies can be found in [2] , [3] . Such impact on resistivity breaks the predictive capacity of classical high-frequency relationship R f ∝ √ f for the frequencydependent resistance R f . With the ever-increasing signaling rate, especially in off-chip communications of multi-processor architectures, an accurate estimation of rough surface effect is imperatively demanded for improved prediction of factors like insertion loss, signal integrity and thermomechanical reliability in interconnect-aware design methodologies. Work to investigate the rough surface loss has been done mainly within the context of electromagnetism. The earliest research can be dated back to 1940's when Morgan first studied the increased resistive power loss for a periodic 2D ridged structure [6] . The results were then fitted as an empirical formula (1) , which has since then been the guideline model for quantifying surface-roughness-induced power loss in practice [7] .
Here P r and P s are the power loss of a rough surface conductor and its smooth surface counterpart, respectively. σ is the standard deviation of surface height, δ = ρ/(πf μ) the skin depth, ρ the conductor resistivity and μ the freespace permeability. As only σ of the surface characteristics is included, (1) is subjected to frequent modifications to match field-measurement data from different environments where surface roughness depends on more than one parameter. Ref. [8] has shown that the power absorption enhancement factor of a 3D random rough surface can be much higher than that of a 2D one and, based on random surface modeling, derived a closed-form formula for this factor using secondorder small perturbation method (SPM2). Nevertheless, SPM2
requires the roughness to be mild enough to validate the preassumption of "perturbation", which limits its application to a narrow range of cases with small roughness or at low frequencies. Another method is the hemispherical boss modeling (HBM) [5] , which has a long history but regains attention only recently. It is distinguished by modeling surface irregularities as size-controlled hemispherical bosses distributed (regularly or randomly) on a flat plane. By exploiting the analytical solution of electromagnetic wave scattering from a conducting sphere the energy absorbed by the protrusion can be readily obtained. HBM is a gross assumption since surface roughness in real interconnects is quite diverse and is therefore difficult to be modeled by simple bosses. In addition, HBM primarily works under scenarios, as the opposite of SPM2, with large scale roughness or at very high frequencies, where the skin depth is small compared to radii of the bosses. Consequently, there is still a lack of efficient simulation method for evaluating surface roughness loss at intermediate range, where the skin depth is at the same order of the dimension of roughness, which is often the case in practice.
In this paper we propose a robust methodology to simulate the impact of surface roughness with diverse roughness patterns in a wide frequency range. A rough surface is modeled by a parameterized stochastic processes. The new formulation transforms the complicated electromagnetic (EM) problem into a simpler scalar form by regarding the EM wave as a scalar energy flux. In this way the extra loss caused by surface roughness can be approximated by the energy flux absorbed by the rough surface. The scalar wave modeling (SWM) therefore established are solved by the method of moments (MOM), which is more robust to irregular surface topologies. An efficient stochastic solver, spectral stochastic collocation method (SSCM) [9] , is applied to compute the mean value of loss enhancement factor. Numerical comparisons with existing techniques in their respective valid regions are then conducted to verify the effectiveness of the proposed methodology.
II. CHARACTERIZATION OF 3D RANDOM ROUGH SURFACE
For a 3D random rough surface of conductor, we describe the surface height f (r ⊥ ) as a stationary stochastic process, wherer ⊥ = (x, y) falls on the mean plane. A stochastic process is generally characterized by the probability density function (PDF) and the spatial correlation function (CF) C(r ⊥i ,r ⊥j ). Without loss of generality, we use the common Gaussian PDF (2) in this paper associated with different CFs.
where σ is the standard deviation and the mean plane is on f = 0. An important feature of this characterization is that the parameters of stochastic process, e.g., σ and C, can be quantitatively extracted from real interconnect surface by measuring surface height as a function of 
III. SCALAR WAVE MODELING
In principle, electromagnetic wave theory can be used to rigorously determine the field scattered or absorbed by a conducting body, which has been extensively studied for several decades [10] . Direct application of numerical EM simulation to predict surface roughness loss in microscopic interconnects, however, has the following two difficulties: 1) The wavelength in dielectrics (in the order of cm) is large compared to the dimension of conductor surface (in the order of μm). This corresponds to the well-known low-frequency problem in traditional EM scattering problem from metallic objects, in which the solution of integral equation will become unstable due to the dominant impact of hyper-singular integral operator [11] . Remedies of such problem include using highorder loop-star [12] or modifying the integral operators [13] , all of which will significantly increase the complexity of calculation.
2) The computation is intensive as a rough surface may need a fine discretization to properly capture the details of surface variation. The situation will be even worse if the low-frequency problem (requires higher-order basis or operator) and random surface modeling (requires multiple sampling) are taken into account.
To balance the cost and performance, we choose the scalar wave theory instead of EM wave theory to formulate the energy loss due to the surface roughness in interconnects. The scalar wave modeling (SWM) has long been used as a simplified substitute for vectorial EM wave to predict wave behavior and observe important phenomena in scattering problems [14] . It has been shown that the results of scalar wave modeling are well correlated to that from EM wave modeling in many scenarios, especially when the detailed field distribution is not required [15] . We consider a twomedium problem, where the upper half-space of rough interface S is filled by dielectrics (medium 1) with electrical parameters 1 , μ and wavenumber k 1 = ω √ μ 1 , ω = 2πf , and the lower half by conducting material (medium 2) with ρ, μ and k 2 = (1 + j)/δ. One considers a scalar plane wave normally impinging on the rough surface ψ in (r) = exp(−jk 0 z), wherer = (x, y, z), then the wave functions in the two media ψ i , i = 1, 2 satisfy the coupled surface integral equation:
wheren is the unit normal vector pointing outward and G i , i = 1, 2 is the scalar Green's function in the ith medium
It should be noted that, unlike electric or magnetic field, the scalar field ψ does not have a physical meaning and, intuitively, can be viewed as the velocity potential of a flux of energy (an analogous concept is the sound pressure for acoustic wave). The essence of our formulation is to calculate the amount of energy absorbed by a rough surface subjected to a given incident energy flux, which serves as an approximation of the real EM energy absorbed by the same surface.
A. Continuous Boundary Condition for Scalar Wave
Conventionally, the scalar wave equation (3) is solved by the eliminating boundary condition assuming ψ orn · ∇ψ vanishes on the boundary since only exterior wave is of interest in scattering problem. However, calculation energy absorption in our case requires mainly the knowledge of the field transmitted into the conductor. To this end, we develop an approximated continuous boundary condition reflecting the continuity of real EM field across the rough boundary. As indicated in [5] , [8] the EM field distribution near the surface of practical quasi-transverse electromagnetic (quasi-TEM) interconnect structures is similar with that induced by an incident transverse-magnetic (TM) wave. Since the wavelength in dielectric is much larger than the scale of surface roughness, the magnetic fieldH very close to the surface can be approximated by its tangential componentH t . If we associate ψ with a physical meaning as the magnitude ofH t , the follow relationship holds:
wheret is the unit tangential vector and the second equality inĒ t formula is due ton ·t = 0. Recalling the continuity of tangential fields across the boundaryH t1 =H t2 ,Ē t1 =Ē t2 , we have the continuity in terms of ψ andn · ∇ψ
where β = 1 / 2 = −jω 1 ρ.
B. Doubly-Periodic Surface Assumption
Equation (3) should be fundamentally solved on the whole resemble of realistic conductor surfaces, which, however, makes the solution procedure computationally prohibitive. Yet significant simplification is achievable via exploiting the particular properties of rough surface problem: 1) The impact of surface roughness is local, i.e., mutual coupling between surface roughness on separated conductors or different surfaces of one conductor is negligible.
2) The roughness is globally uniform such that a global factor of loss enhancement can be obtained from local analysis [4] .
3) The spatial correlation of roughness is small compared to the size of conductor surface, which means the surface contains, for random modeling, many peaks and valleys, or for HBM, a large number of bosses. This has been confirmed by physical measurements [5] . In light of the above observations, a doubly-periodic condition [15] is applied to restrict the investigation domain within a small patch of the whole surface by enforcing f (x + pL, y + qL) = f (x, y), where L is the periodical length and p and q are integers. Recalling the continuous relation (6), (3) becomes
where L 2 denotes the L × L patch, ψ = ψ 2 and u = 1 + f 2 x + f 2 yn ·∇ψ with f x = ∂f /∂x. The periodic Green's function and its normal derivative are
The periodic Green's function in (8) can be efficiently computed by the Ewald method [16] , which requires very few terms to converge. Discretizing (7) with the method of moments (MOM) and combining the unknowns, we obtain the following matrix equation
Equation (9) can be efficiently solved in O(Nlog(N )) complexity, where N is the number of discretized elements, with numerical solvers such as the FFT-based iterative method [17] and the UV-multilevel partitioning method [18] . After the scalar wave function Ψ and U are solved, the energy absorbed by the lower medium beneath the investigation patch is computed by
The energy absorption for smooth surface case is
C. Comparison with Vectorial EM Modeling
The rigorous surface integral formulation based on EM theory of rough surface scattering from penetrable objects can be found in a number of literature, e.g., [11] , [15] , [19] . The surface is generally discretized by RWG triangular elements [20] , each of which is associated with two vectorial unknowns, usually the electric and magnetic currents. The size of resultant matrix equation, if converted to corresponding scalar equations, is roughly 6N ×6N . If the low-frequency problem is taken into account, the common remedies, e.g, using high-order basis function or high-order operator, will significantly increase the complexity of calculation. In contrast, SWM results in a problem with the size of only 2N ×2N , which contributes a significant reduction in solution time and memory storage. Since no hyper-singular operator, i.e, second derivative of Green's function, appears in (3), the formulation is free of the low-frequency problem. The scalar nature of unknowns also allows smooth rectangular basis function to be applied to discretized the integral operator, rendering further computational saving compared to the RWG basis.
D. Spectral Stochastic Collocation Method
The equation (9) is solved only for a deterministic surface, i.e, the surface heights and surface derivatives must be explicitly given. If the surface roughness is modeled by a stochastic process described in Section II, (9) becomes a stochastic integral equation with the N correlated random variables. The Monte-Carlo simulation is widely used to solve the stochastic integral equation by an extensive sampling of the solution space, but to guarantee convergence the number of samples might be prohibitively large, i.e., 5000 sampling points may be needed for convergence to within 1%. To enhance the efficiency, we apply the recently-proposed method SSCM [9] to compute the statistical model of rough surface loss. The essence of SSCM is to model the solution of stochastic integral equation as the Homogeneous Chaos (HC) expansion in term of a set of independent random variables obtained from the original N surface heights. Then the coefficients of HC expansion can be efficiently determined by the Sparse Grid (SG) quadrature. The advantage of SSCM is that it can achieve an second-order accuracy with much less sampling points than MC simulation. Details of SSCM can be referred to [9] . 
IV. NUMERICAL RESULTS
In the following numerical experiments, we assume a conductor with the resistivity of 1.67μΩ · cm and a dielectric with the relative permittivity of common silicon dioxide (3.7). The periodic length L of is 5η and the discretized interval is η/8. The surface roughness loss used for comparisons are their mean values computed by SSCM. All programming and simulation were done with Matlab on a desktop PC with 2.4GHz and 1G memory.
We first compare SWM with SPM2, which is known to be accurate for small roughness while invalid for large roughness. In Fig. 3 results of SWM and SPM2 are obtained for Gaussian surface with various levels of roughness, i.e., σ is fixed at 1μm while η varies from 1μm to 3μm. For the most smooth case (η = 3μm), the two methods are in a perfect match. The deviation, however, gradually grows as degree of roughness increases and becomes significant for the most rough case of η = 3μm. We also plot the results from the empirical formula (1) . As expected, (1) cannot differentiate these distinct cases as they have the same σ.
We further compare SWM with SPM2 using the CF (12) extracted from practical measurement data [4] . It has been shown in [4] that under this roughness setting SPM2 can give an accurate prediction of surface roughness loss. The testing frequency is from 100MHz to 10GHz. As shown in Fig. 4 , there is a good agreement between SWM and SPM2. The above two experiments suggest that SWM is accurate for small roughness cases. It should be noted that HBM is not applicable for these scenarios as the skin depth generally exceeds the height of surface roughness.
In order to verify the effectiveness of SWM under large roughness, we use the results from HBM as the benchmark, whose accuracy has been confirmed by practical measurements for a specific setting in high frequency [5] . Since the CF of randomly distributed hemispherical bosses is not easy to extract, we only compute the loss enhancement factor of a single, deterministic conducting half-spheroid with the parameters specified in [5] . The root mean square (RMS) value of the half-spheroid base that is not explicitly given in [5] is set to be 2.45μm. The testing frequency range is from 1GHz to 20GHz in order to keep the skin depth small compared to the protrusion. The discretized interval is set to be δ/5 to model the rapid variation of field inside the conductor. Simulation results are shown in Fig. 5 . It can be observed that SWM matches well with HBM in very high frequency (> 15GHz) while in an acceptable agreement with HBM in the relatively high frequencies (1 − 15GHz) . The comparison proves that SWM is still valid for cases with large roughness and high frequencies. Also SPM2 completely loses it accuracy in such case as the calculated loss factor goes to a impractical value.
An important feature of 3D surface roughness modeling reported in [8] is that the loss enhancement for a 3D rough surface is much higher than a 2D one with the same degree of roughness. Fig. 6 compares the 3D SWM with a simplified 2D SWM formulation where the surface height is uniform along y axis. The result also shows a significant increase of loss with 3D roughness over 2D roughness. Fig. 7 shows the cumulative distribution function (CDF) of power loss factor calculated by 1st-order SSCM and 2nd-SSCM. The surface is of Gaussian CF with σ = η = 1μm and f = 5GHz. Results from the MC simulation with 5000 sampling points are used as the benchmark. It can be seen that 2nd-SSCM is sufficient to model the random nature of surface roughness. The number of sampling points of SSCM is tabulated in Table I for Gaussian CF and It shows that SSCM can offer an order of reduction in the amount sampling points when compared to the MC simulation. The slight increase in sampling points for CF (12) is due to its stronger spatial correlation. 
V. CONCLUSION
This paper has developed a widely applicable methodology, SWM, for the simulation of rough surface loss in inter- connects and packaging. The essence is to approximate the complicated EM wave scattering problem with a simplified scalar wave problem. Despite of some approximation, the SWM works surprisingly well in terms of its accuracy and applicability, which have been confirmed by comparisons with existing techniques in their respective validated regions. In particular, the proposed methodology possesses the following features:
1) It significantly expands the valid range of existing techniques like SPM2 and HBM, allowing a general simulation for different level surface roughness in a wide frequency range. It can also serve as a useful tool to test the validity of other closed-form techniques in a specific scenario. 2) Compared to the rigorous EM wave modeling, SWM leads to a remarkable computational saving by reducing the number of unknowns and using low-order basis function. In addition, SWM avoids the low-frequency problem that is difficult to handle in EM modeling and thus no additional remedies are needed.
3) The increased computational cost due to the statistical modeling of surface roughness has been well alleviated by SSCM method, which requires much less sampling points than MC simulation to achieve a satisfactory second-order accuracy.
